High-resolution inelastic He-atom surface scattering experiments have been carried out on an in situ cleaved NaCl͑001͒ crystal surface for the incident wave-vector range of 4.29-6.07 Å Ϫ1 in the ͗110͘ high-symmetry direction to detect the recently predicted effect, the focused inelastic resonance ͑FIR͒. The scattering angle for the resonance in the ͗110͘ direction is uniquely predicted based on the reciprocal lattice vector exchanged in the process for the bound state ͉⑀ 1 ͉ϭ3.4Ϯ0.1 meV. This value is slightly lower than the 3.7Ϯ0.4 meV value found in the literature. The convincing evidence for the FIR effect comes from a systematic analysis of the angular distributions in combination with an energy analysis based on time-of-flight spectra.
I. INTRODUCTION
The elastic and the inelastic scattering of nearly monoenergetic helium atoms from single crystal surfaces, 1 besides providing basic information on the statics and dynamics of the surface, show a large variety of resonant and focusing processes involving both phonons and bound states in the attractive part of the atom-surface potential. [2] [3] [4] [5] [6] [7] [8] [9] [10] These include elastic selective adsorption ͑SA͒;
2,11 kinematical focusing ͑KF͒;
12 phonon-assisted selective adsorption ͑PASA͒, sometimes called inelastic bound-state resonance; 6 and, more recently, focused inelastic resonances ͑FIR's͒. 13 Many of the early studies have been based on measurements of angular distributions without an energy analysis of the scattered beam. [2] [3] [4] As a result, many features in the angular distributions could not be uniquely assigned. The development and use of the time-of-flight ͑TOF͒ method in single-phonon collisional experiments has made it possible to evaluate more carefully all of these features. 10 In this work, we report a search for and systematic measurements of the FIR effect. This focusing enhancement in intensity of a FIR occurs when the following two conditions in energy transfer (ប) and parallel wave-vector change (⌬K) space are met: ͑i͒ the scan curve and the inelastic resonance curve for a particular bound state are tangent to each other and ͑ii͒ this tangency point crosses the Rayleigh surface phonon mode or any other surface or bulk phonon mode. 13 The most precise values of bound states are usually obtained from the experimental determination of elastic and inelastic resonances in angular distributions, the former resulting in minima and maxima in the intensity of specular and diffraction peaks, 4, 14, 15 the latter usually in sharp maxima in the inelastic intensity between the diffraction peaks. 10 The FIR measurements offer an opportunity to determine the bound state under another more restricted kinematical condition. This aids in establishing the bound-state energies in the He-surface potential and improves our understanding of the scattering mechanisms of He from corrugated crystal surfaces. 2, 4 Furthermore, these mechanisms guide us in our thinking about how other atoms and molecules could gain or lose energy in their collisions with a surface.
In the next section a short theoretical description of the FIR effect is given. In Sec. III we describe briefly the scattering apparatus. The experimental evidence of this effect in angular distributions on NaCl͑001͒ is presented in Sec. IV along with a discussion of results. The effects of the FIR mechanism on the TOF spectra are analyzed in Sec. V. Concluding remarks are given in Sec. VI.
II. THEORY OF FOCUSED INELASTIC RESONANCES
The focused inelastic resonance recently proposed by Benedek and Miret-Artes 13 occurs when in ប-⌬K space the scan curve ͑SC͒ and the PASA curve 6, 9 representing the bound-state resonance condition are tangent to each other and the tangency point corresponds to some surface or bulk phonon. The scan curve, we recall, 17 is a simple kinematic relationship for single surface-phonon collisions. It combines the conservation of parallel momentum and total energy in the atom-surface interaction and is written as
where ⌬K is the parallel wave vector exchanged in the inelastic scattering process, K i ϭk i sin⌰ i is the parallel component of the incident wave vector k i , E i is the incident energy of the He atoms, ប is the energy of the phonon, and ⌰ i and ⌰ f are the incident and final scattering angles measured with respect to the surface normal, respectively. The PASA curve is given by
where ⑀ n are the bound-state energies and Nϭ(N ʈ ,N Ќ ) is the surface two-dimensional reciprocal lattice vector exchanged in the resonance process, where N ʈ and N Ќ are the components parallel and perpendicular to the scattering plane, respectively. Note that squared wave-vector quantities are given in energy units (ប 2 /2mϭ1) and that the phonon dispersion curve enters via ប(⌬K). The FIR effect can be stated in the form of a very simple kinematical condition obtained by equating Eqs. ͑1͒ and ͑2͒ as well as their derivatives; this results in the following expression for the final scattering angle: A very important result is that the condition for the FIR scattering angle ⌰ f depends neither upon incident energy E i nor on the incident angle ⌰ i . It depends only on the bound-state energy ⑀ n and the surface reciprocal lattice vector N exchanged in the resonance process. Those properties make the observation of the FIR effect rather easy, in principle. However, due to the competition of the other resonance and focusing effects quoted in the Introduction, a careful study of the angular distributions is needed in order to pinpoint the FIR effect. Since, under FIR conditions, the resonance enhancement of inelastic processes extends over a finite portion of the SC, a signature of the FIR effect can be found also in the TOF spectra, as we shall see in Sec. V. Taking into account the scattering geometry of the apparatus used in this work, namely, a fixed right angle between the incoming and the outgoing beam, the FIR condition can be rewritten in terms of the incident angle. If the bound-state energies would be known to high accuracy, Eq. ͑3͒ can be used to predict the locus of all possible FIR conditions. However, in this case the bound-state energies have uncertainties on the order of 10%, so this equation can serve only as a guide toward the angular regions where the FIR should be searched for. The coordinates for possible tangency points in terms of surface phonon energy ប and surface parallel wave-vector transfer ⌬K ͑dispersion space͒ are given by
They depend on the bound-state energies ͉⑀ n ͉, the reciprocal lattice vector N, the incident beam energy E i , and the incident angle ⌰ i . Equations ͑4͒ and ͑5͒ can be used to map out the locus of the FIR conditions for each particular incident angle by varying the incident energy. When this locus intercepts a Rayleigh mode dispersion curve, the conditions for a focused inelastic resonance are fulfilled.
III. EXPERIMENT
The apparatus employed for helium-atom scattering ͑HAS͒ experiments is shown schematically in Fig. 1 and described briefly below. Additional technical details have been given previously. 16, 17 The He beam is produced by a continuous free jet expansion of helium gas from a nozzle located in the source chamber; the beam then passes through a skimmer into the chopper chamber after which it passes through two stages of differential pumping before entering into the scattering region where collisions with the crystal surface take place. The angle between the incident ⌰ i and final ⌰ f outgoing scattering beams is fixed at 90°( ⌰ i ϩ⌰ f ϭ90°). Following the scattering, the helium atoms pass through three stages of differential pumping, finally entering into a detector chamber where their flux is measured by a homemade efficient magnetic mass spectrometer operated in a single-ion counting mode.
There are two modes of operation: 9,18 ͑i͒ with the chopper out of the beam path and ͑ii͒ with the chopper in the beam path. For the former, there is no energy analysis of the scattered beam and the measurements of the intensity versus incident angle ⌰ i ͑angular resolution is about 0.1°) for fixed incident wave vector k i ͑see Fig. 1͒ produce the angular distributions. They usually contain high-intensity elastic specular and Bragg diffraction peaks that provide structural information about the surface. Additionally, much weaker structures with intensities that are often several orders of magnitude less intense than the specular peak are often observed between the diffraction peaks. These features often correspond to elastic ͑SA͒ bound-state resonances, inelastic ͑PASA͒ resonances, and phonon KF. 12 In the second mode of operation, with the incident beam chopped, TOF spectra are measured that often exhibit sharp peaks with energy losses corresponding to either inelastic single phonon, diffuse elastic, or diffuse multiphonon inelastic scattering. The phonon features in the TOF spectra, measured at different sets of fixed incident and final scattering angles ⌰ i and ⌰ f , when converted to energy transfer and ⌬K space provide the surface phonon dispersion curves. Their intensity is often strongly modulated by inelastic resonances from the bound states between the He and the surface such as, for example, when the FIR conditions are met.
The NaCl crystal 19 used in this work had dimensions of 6ϫ10ϫ10 mm 3 and was mounted on an oxygen-free highconductivity ͑OFHC͒ holder attached to the manipulator. Prior to the cleave, the target chamber was baked to about 200°C for about 15 h. The sample was cleaved in situ at scattering chamber pressures near the mid 10 Ϫ11 mbar range by closing two jaws externally driven into two notches cut into the NaCl crystal.
The temperature of the crystal during measurements and routine bakeouts was controlled by removing heat with a liquid-helium cold finger ͑which was coupled to the sample holder by means of an OFHC braid͒ and supplying heat through a resistively heated filament mounted immediately behind the sample holder. The crystal temperature was measured by a NiCr/Ni thermocouple located in a small hole drilled into the side of the crystal.
The manipulator allows the surface of the crystal to be aligned into the proper orientation by permitting translation in the x, y, and z directions, azimuthal rotation, and adjustment of the angle of tilt. The manipulator itself was mounted on a differentially pumped rotary feedthrough so that the scattering angle could be adjusted without disturbing the alignment of the crystal.
The incident He beam energy could be varied from about 8 to 60 meV, with an energy width of about 2% full width at half maximum, by controlling the temperature and the pressure of the nozzle beam source. 20 For the measurements reported here the energies ranged from about 9 to 53 meV, corresponding to incident wave vectors of 4.2-10.0 Å Ϫ1 , respectively. Angular distributions were measured in the ͗110͘ direction for different crystal temperatures and incident wave vectors. A series of TOF spectra were also measured under similar conditions. The measurements were concentrated around those angular and energy regions where the theory predicts the FIR to most likely occur.
IV. EXPERIMENTAL EVIDENCE FOR THE FIR PHENOMENON IN ANGULAR DISTRIBUTIONS
The nominal bound-state energies of He on NaCl͑001͒ were previously determined to be ͉⑀ n ͉ϭ7.2, 3.7, 1.6, and 0.4 meV. 4, 14, 21, 22 However, the condition ͉⑀ n ͉уN 2 , required from Eq. ͑3͒ for the existence of the FIR, limits the possible values of N and n. Thus only the three lowest bound states of 4 He on NaCl͑001͒ are accessible with the present apparatus. The corresponding theoretical FIR angles calculated from Eq. ͑3͒, for each of these combinations of ͉⑀ n ͉ and N values and for the scattering plane in the ͗110͘ direction, are listed in Table I .
Near the listed FIR angles sharp intensive features are expected in the angular distributions. Since the incident energy range available on this instrument is limited between 8 and 60 meV not all of these FIR features can be observed experimentally. In order to provide an experimental proof of the FIR effect we directed our attention to the Nϭ͑1,0͒ resonance at ⌰ i ϭ36.2°with the bound state ͉⑀ 1 ͉ϭ3.7 meV that should appear within the first Brillouin zone at the incident momentum of about 4.73 Å Ϫ1 ͑Ref. 23͒ since it can be easily accessed by the experiment.
As a first step to find this resonance a sequence of angular distributions were measured for the incident wave vectors ranging from 4.29 to 6.07 Å Ϫ1 ͑Fig. 2͒ with the scattering plane along the ͗110͘ direction and with the surface kept at a constant temperature T S ϭ300 K. Indeed, besides the large specular and diffraction peaks and the ordinary resonances, which exhibit a regular shift in peak position with the incident momentum, two features at constant angles independent of the incident energy at around ⌰ i ϭ37.2°and 38.0°a re clearly discernible in Fig. 2 . The energy analysis described in Sec. V enabled us to assign these peaks to the KF and the FIR, respectively. Note that the FIR peak is somewhat shifted from the predicted value of 36.2°. The KF peak at 37.2°is visible in the whole measured incident momentum range with some small mixing with other peaks or fluctua- tions in the intensity, while the FIR peak at 38.0°is appreciable just above k i ϭ4.65 Å Ϫ1 and vanishes above k i ϭ5.56 Å Ϫ1 . In Fig. 3͑a͒ we show another measurement of the angular distribution for k i ϭ4.73 Å Ϫ1 at a crystal temperature of 200 K. The lower temperature as compared to Fig. 2 improves the signal-to-noise resolution, showing clearly the FIR and the KF features together with some peaks easily assigned to SA resonances symbolized by N n ͓peak 2-͑1,1͒ 3 resonance, peak 4-͑1,1͒ 2 resonance, and peak 6-͑1,0͒ 2 resonance͔. The identification of the peaks labeled 1, 3, and 5 requires a more extensive experimental analysis, which was not done because these peaks were not likely candidates for the FIR. In Fig. 3͑b͒ we display an angular distribution taken at a sample temperature of 90 K for k i ϭ5.06 Å Ϫ1 , where the FIR effect exhibits a dramatic increase in intensity with respect to the KF peak. In general, resonance effects such as FIR take advantage of the resonance sharpening and the enhancement due to the DebyeWaller factor at low temperature. In the present case, however, the KF at 37.2°is associated with phonon annihilation processes, while the FIR involves the phonon creation processes and therefore the former is strongly decreased at low temperature with respect to the latter.
The FIR kinematics for this particular case are shown in Fig. 4 together with the dispersion curves of the Rayleigh wave ͑RW͒ ͑dashed line͒. 21 The FIR locus for ⌰ i ϭ38°, as calculated from Eqs. ͑4͒ and ͑5͒, is shown as well as the scan curves for the incident angles ⌰ i ϭ38°and 37°͑SC38°and SC37°, respectively͒. The scan curves are for the incident momentum k i ϭ4.73 Å Ϫ1 , which was used for the angular distribution shown in Fig. 3 and also for the TOF measurements presented in Sec. V. The k i ϭ4.73 Å Ϫ1 was obtained from the sine approximation of the RW and it was taken as the best first choice. In Fig. 5 a magnification of the region where the FIR locus intersects the RW dispersion curves, corresponding to the inset of Fig. 4 , is also given. The scan curve in Fig. 5 , labeled by SC, is for the incident momentum k i ϭ4.73 Å Ϫ1 and the incident angle ⌰ i ϭ38°. The inelastic resonance curve for ͉⑀ 1 ͉ϭ3.4 meV is labeled by PASA in Fig. 5 . It should be mentioned that experimentally the small shift of the crossing point of SC and the PASA curve with the RW cannot be observed since the PASA curve and the SC are overlapped when intersecting the RW. This is primarily caused by the energy resolution of the beam (Ϸ2%). In the region displayed by Fig. 4 , the locus of the FIR condition intersects the RW at three points 0, 1, and 2. It means that there are three different incident beam energies at the same angle ⌰ i ϭ38°that satisfy the FIR condition. Point   FIG. 3 . Angular distributions for NaCl͑001͒͗110͘ taken at low temperatures: ͑a͒ This spectrum, for T sample ϭ200 K and k i ϭ4.73 Å Ϫ1 , shows a much better signal-to-noise resolution as compared to the room-temperature angular distribution in Fig. 2 at k i ϭ4.73 Å Ϫ1 . The other features labeled by 2, 4, and 6 are assigned to inelastic bound-state resonances ͑see the text͒. Peaks 1, 3, and 5 were outside the range of the FIR investigation and are not identified. ͑b͒ At an even lower temperature (T sample ϭ90 K͒ the FIR peak becomes much larger than the KF peak, the latter being associated with the phonon annihilation, the first with the phonon creation processes. A small shift of the FIR peak at 90 K to 38.8°is caused by the increase of the reciprocal lattice vector at low temperatures ͓see Eq. ͑3͔͒.
FIG. 4. Energy transfer vs parallel momentum transfer plot for
NaCl͑001͒͗110͘ showing the Rayleigh waves ͑RW͒ surface phonon dispersion curve ͑Ref. 21͒ and the locus of the FIR condition for the bound state ͉⑀ 1 ͉ϭ3.4 meV and the incident angle ⌰ i ϭ38°, which corresponds to this bound state according to Eq. ͑3͒. The scan curves ͑SC͒ are shown for ⌰ i ϭ37°and 38°and k i ϭ4.73 Å Ϫ1 . It should be noted that the FIR locus curve is plotted for ⌰ i ϭ38°and crossing of the SC37°with it has no physical meaning. The region shown by the inset is expanded and discussed further in Figs. 5 and 6. 2, corresponding to k i ϭ4.0 Å Ϫ1 , cannot be adequately explored with our apparatus because the lowest wave vector accessible with the present configuration is about 4.1 Å Ϫ1 . It was the region between points 0 and 1 that could be carefully studied in this work.
In Fig. 6 we present, besides the RW and the FIR locus curves shown in Fig. 5, 23 scan curves for the same incident angle ⌰ i ϭ38°and the different incident momenta k i from 4.29 up to 6.07 Å Ϫ1 corresponding to all of the measured angular distributions shown in Fig. 2 . In this figure, the scan curve has a triple intersection with the RW dispersion curve ͑point 1, Fig. 5͒ at k i ϭ4.9 Å Ϫ1 . As explained earlier, if the RW had been drawn as a sine curve, which is somewhat wider than the experimental RW, the triple intersection would be at k i ϭ4.73 Å Ϫ1 . The FIR peak is observable in the angular distributions up to k i ϭ5.56 Å Ϫ1 . It disappears when the FIR locus enters the bulk acoustic band on the creation side at values of the incident wave vector above 5.6 Å Ϫ1 , the part of the FIR locus curve that lies under the point 0 in Fig. 5 . Between points 0 and 1 the FIR peak is rather intense and sharp since the FIR locus is close to the RW and, as will be explained in Sec. V, the resonance condition is nearly fulfilled, thus causing an enhancement in scattering intensity. Therefore, the peak observed at 38°in the angular distribution is associated with the FIR effect predicted at 36.2°in Table I for Nϭ(1,0) and a nominal bound-state energy of 3.7 meV. The experimentally determined FIR angle enables us to refine the value of ͉⑀ 1 ͉ to 3.4Ϯ0.1 meV. We provide additional evidence for this choice in Sec. V.
On the other hand, the scan curve SC37°is tangent to the RW curve at ⌬KϷ2.2 Å Ϫ1 ͑see Fig. 4͒ . This leads to a KF condition giving an asymmetric peak in the angular distribution, 12 as seen in Fig. 3 , at ⌰ i ϭ37.2°. Thus the peak observed at this angle is ascribed to be a KF singularity. The fact that this peak, like a genuine FIR, does not shift with k i is somewhat surprising. However, this behavior is easily understood by the set of scan curves of Fig. 7 corresponding to a fixed incident angle of 37.2°and different values of k i . They are all almost tangent to the RW curve around ⌬KϷ2.2 Å Ϫ1 . This kind of bunching of the scan curves for a given ⌰ i and ⌬K and variable k i occurs when ‫(ץ‬ប)/‫ץ‬k i ϭ0 in Eq. ͑1͒, namely, when
The surprising fact is that this happens by coincidence for certain values of ⌰ i and ⌬K close to a KF condition.
V. FIR IN TIME-OF-FLIGHT SPECTRA
Given the bound-state energies, the condition for the final scattering angle for which a FIR will occur is given by Eq. ͑3͒ and with this information we expect a peak in the angular distribution as a signature for the FIR. As noted in the preceding section and in Table I , the uncertainties in the boundstate energies lead to similar uncertainties in the prediction of FIR angles and makes it difficult to separate FIR from other features such as the KF. In this section we show that the analysis of TOF spectra may convincingly help in the Fig. 2 assessment of the FIR effect. A representative set of inelastic TOF spectra ͑converted to an energy transfer scale͒ is shown in Fig. 8 . The six spectra are taken with the same incident momentum k i ϭ4.73 Å Ϫ1 but with different incident angles, ranging from 36.0°to 41.0°, with the final angle being ⌰ f ϭ90°Ϫ⌰ i . The most intense signals come from the Rayleigh waves ͑RW1 for ⌬K negative and RW2 for ⌬K positive͒ when the incident angle ⌰ i is around 38°, where the FIR condition is fulfilled. Since the FIR condition implies a tangency between the scan and PASA curves, all the inelastic processes within an extended segment of the SC get enhanced ͑the segment where the SC and the PASA curve are overlapped͒. This is different from the ordinary resonance enhancement where only isolated phonons are involved. The extension of the phonon spectrum encompassed by the SC segment that shows FIR enhancement depends first of all on the intrinsic width of the resonance and also on the energy spread of the incident beam. 24 For example, at the points where the SC and the PASA curve in Fig. 5 intersect the RW2 at ⌬KϷ0.25 Å Ϫ1 the energy divergence between these two curves is lower than 0.2 meV. Because there is a small but finite width in the incident beam energy, which in this case is about 0.25 meV ͑see Sec. III͒ the SC still overlaps the PASA curve at ⌬KϷ0.25 Å Ϫ1 and hence the resonance conditions are nearly satisfied also for RW2. Indeed, one can see in Fig. 8 that the entire spectral region including RW1, RW2, and the bulk acoustic band in between is enhanced around 38°, the maximum integrated intensity occurring for ⌰ i ϭ38.0°Ϯ0.5°. Notice that in the angular distribution, Fig. 3 , the position of the FIR maximum is determined with an accuracy better than 0.1°, which corresponds, according to Eq. ͑3͒, to a maximum deviation of р0.1 meV in the bound-state energy. Thus the energy transfer spectra of Fig. 8 do not provide any better information on the FIR angle but help to precisely assign the peaks seen in the angular distribution to the FIR effect and to distinguish it from the KF feature.
Indeed, besides the FIR peak at ⌰ i ϭ38°, one sees in the angular distributions shown in Fig. 3 a peak at ⌰ i ϭ37.2°, which corresponds to KF. This is in agreement with the TOF spectra measured at ⌰ i ϭ36°,37°,38°and presented in Fig.  8 . The peaks labeled by RW4 and RW5, corresponding in Fig. 4 to the intersections of the scan curve with the RW FIG. 8 . Selected time-of-flight measurements converted to energy transfer spectra for NaCl͑001͒͗110͘. The incident wave vector for all spectra is k i ϭ4.73 Å Ϫ1 , which was the region explored originally based on the RW having a sine-curve shape. This panel of spectra shows the measured dependence of the intensity of several Rayleigh waves for several different incident angles. curve near ⌬KϷ2.2 Å Ϫ1 , get closer and closer for ⌰ i approaching 37.2°from below and disappear above this angle. We conclude that the TOF spectra provide a clear signature also for the KF effect.
VI. CONCLUSION
The experimental study of the FIR effect has been performed on NaCl͑001͒ by means of HAS. Evidence of such an effect has been found in angular distributions and confirmed by TOF measurements. The theory predicts that the angles at which a FIR occurs in the angular distribution is independent of the incident momentum. The FIR in the ͗110͘ direction, corresponding to the bound state ͉⑀ 1 ͉ϭ3.7Ϯ0.4 meV, was observed at an incident angle of approximately 38°over a very wide range of incident energies. The observed FIR angle is slightly larger than the predicted value of 36.2°. Actually, this leads to a more precise determination of the ͉⑀ 1 ͉, which has to be slightly smaller and close to 3.4 meV.
Under FIR conditions an extended portion of the TOF spectra is enhanced. The observation of such enhancement within a small range of the incident angles provides further evidence for the FIR effect. Such a cross-check may be useful because not always the results of the angular distributions alone allow for a definite conclusion about a FIR effect because of the competition with the KF. This is particularly true in the present work, where the unusual case of a KF independent on k i was also observed ͑KF bunching͒.
It is likely that the FIR effect, which is characterized by quite a simple kinematics, has been accidentally observed but not explained in some of the numerous inelastic HAS studies carried out over the past 15 years in many laboratories all over the world. For example, the anomalously large resonance observed long ago in graphite ͑0001͒ ͑Ref. 25͒ and attributed to a complex inelastic process involving two bound states ͑double resonance͒ have been shown to fulfill exactly the FIR condition. 13 Also the TOF spectrum from LiF͑001͒ along ͗100͘ at ⌰ i ϭ30.7°reported by Benedek and Toennies 26 shows resonant features under approximate FIR conditions. Indeed the FIR angle for LiF͑001͒ in the 90°s cattering geometry for the out-of-plane ͑1,0͒ 0 resonance is predicted at ⌰ i ϭ31.5°. Finally, such FIR experiments are expected to be helpful in establishing the interaction potential of He atoms with low index metal surfaces where selective adsorption resonances can hardly be detected and where the FIR intensity is expected to be enhanced. 13 
